In this paper, a system is described in which diffusion of a hydrogen atom takes place effectively in one dimension. The exact differential diffusion equations can be set up and solved, taking into account the possibility of gas-phase removal of the hydrogen atom by a reaction such as H + C2H4 = C2H5.
I n t r o d u c t io n
In p art I it has been shown th a t in the presence of an olefine, hydrogen atoms are so rapidly removed th a t the stationary state concentration is virtually zero. Certainly, the concentration of hydrogen atoms produced by the mercury-photosensitized dissociation of molecular hydrogen is so low as to be not measurable by the parahydrogen technique. Hence it was necessary to find some other technique for the controlled removal of hydrogen atoms a t a rate which could compete on equal terms with the olefine.
The technique adopted was to place a layer of white molybdenum oxide in such a position th a t a hydrogen atom had a roughly equal chance of reaching the layer or being removed by the olefine. Thus by placing the layer parallel to a silica window in a reaction vessel, through which light of wave-length 2537 A was passed, a con centration gradient of hydrogen atoms could be established due to migration of the atoms from their point of generation to the removing layer. Introduction of olefine then disturbed this gradient and reduced the number of hydrogen atoms which could reach the removing surface. The problem was then to relate the efficiency of the interaction of the atom with the olefine to the change in concentration gradient and hence to the number of atoms which were able to survive olefine collisions and reach the removing surface.
D i f f u s i o n t h e o r y
I t is shown elsewhere th a t the efficiency of interaction of a hydogen atom with molybdenum oxide is absolute.
Consider a hydrogen atom generated in the reaction vessel in presence of a certain pressure of an olefine. The atom has two possible fates: (1) it can diffuse to the oxide and be removed, or (2) it can be removed by the olefine as the result of a fruitful collision. The system is then th a t of a particle diffusing in one dimension and being [ 466 ] subjected to the possibility of removal by an olefine molecule before reaching its target on the oxide layer. It is thus necessary to solve the exact diffusion equations and to take due account of the possibility of gas-phase removal of the hydrogen atom.
By obtaining a theoretical relationship between the fraction of hydrogen atoms which reach the oxide and the efficiency of the gas-phase removal, the latter factor can be obtained from an experimental determination of the former.
T h e d if f u s io n c o e f f ic ie n t
The diffusion coefficient is defined as the amount of material-passing in unit time across a plane of 1 sq.cm, when the concentration gradient, -In fix , is unity. This gives the following formula:
where x is the distance travelled in time t and the diffusion coefficient is D.
In a calculation of the time for an atom or molecule to diffuse through a certain distance it is not possible to obtain precise data, since the calculation of the diffusion coefficient, especially in a mixture of gases, is attended by a considerable approxima tion. For example, the formula for calculating D differs by a numerical factor according to Meyer and Smoluchowsky. Meyer's (1899) estimate is
and th at of Smoluchowsky (1906) is
I t is seen that the two estimates differ only in the numerical coefficient, and by adopting one of them at least a comparison of results can be obtained. In the above formulae, ?/ is the viscosity of the medium, p is the density, u the average velocity of the particle and l the mean free path. The formula of Mayer will be adopted in the following treatments.
A further source of inaccuracy is the difficulty of obtaining reliable data on the molecular diameters, since the methods adopted in obtaining the information modify the results (Farkas & Melville 1939) . The best estimates for this investigation are those obtained from viscosity measurements and these have been used wherever possible.
D e t e r m in a t io n of t h e d if f u s io n c o e ffic ie n t
For a system containing two species of molecule, 1 and 2, at a concentration respec tively of Nx and A^mol./c.c., and whose molecular diameters are respectively and 12, then when lx is the mean free path for molecule 1, lh = n ^2 NX I\ + nN^dx + \I2f J{(MX + M2)fM2}.
The first expression on the right-hand side represents the mean free path for mole cule 1 meeting another molecule 1, and the second represents the mean free path for a molecule 1 meeting a molecule 2.
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In the problem a t hand, a system of three components is being dealt with; to take a specific case, hydrogen atoms, hydrogen molecules and ethylene molecules. Assuming th a t these molecules exert an additive effect, it is possible to extend the above formula to three components:
Since the concentration of hydrogen atoms will be low compared with the other species present, the first term on the right-hand side may be neglected. The subscript 1 refers to the hydrogen atoms, 2 to the hydrogen molecules and 3 to the ethylene molecules.
The diameter of the hydrogen atom is given as 2-74 x 10~8cm. (Bonhoeffer & Harteck 1933) , and the hydrogen molecule is also 2-74 x 10~8cm. (Kennard 1938) . The diameter of the ethylene molecule is 4-95 x 10~8 (Kennard 1938) .
Substituting these values in the above formula, 1/Zj = 28-8 x 10-16A2 + 47*5 x 10-16A3. Now, in 1 ml. of gas a t a pressure of 1 mm. and a t normal temperature, there are 3-56 x 10+16mol., and hence a t a pressure ofjpm m., 3*56p x 10+16mol. Then, using this figure in the above, _ i 02.7j,2+ 169.lft> where p 2 and p z are respectively the pressures of hydrogen and ethylene. Now, applying Meyer's formula,
For a molecule, the average velocity u is given by u = k/ where ki s a constant and M the molecular weight of the species. For hydrogen mole cules, the average velocity is 1*692 x 105cm./sec., therefore for a hydrogen atom, a t normal temperature, it will be 2*4 x 105cm./sec. D = 8 x 104/(102*7p2 + 169*l^3)cm .2/sec. * These estim ates of the molecular diameters were made by constructing the appropriate molecules as Stuart models and measuring the effective diameters. This will not involve a large source of error, since p 3 is much less than p 2. Table 1 gives the values of the cross-sections of the various molecules studied in this work and also the formulae for calculating the diffusion constant D for the various mixtures used.
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Semenoff (1935) has considered those chain reactions in which one active centre is continually replaced by another, but the problem on hand concerns a particle which retains its own identity until its final destruction. This, however, does not affect the physical concepts and similar methods may be directly applied.
The conditions which are used in this particular problem are somewhat different to those of Semenoff's calculations. Here, a reaction vessel is used in which the active centres are produced by irradiation of one plane surface of the vessel and are removed on a layer of molybdenum or tungsten oxides. Since the top surface has been shown to be a good reflector for hydrogen atoms, then it simplifies the conception and the mathematical treatment by considering the mirror image of the reaction vessel to be placed at the generating wall and the wall removed, since to a hydrogen atom reflected from the wall, the effect is the same as if it were coming from another vessel of the same dimensions.
In figure 1 the planes at 0 and B represent the walls o plane at O is the reflecting wall and the plane at B the removing wall. Now construct the mirror image of this cell on the plane . The plane at O is now considered to be non-existent for the purposes of the following calculations. The mirr . * image of B is A. If the plane 0 is considered as the origin of co-ordinates, then the planes B and A are determined by the equations x -\d and = -respec The active centres are produced in the whole volume and then diffusion to the walls takes place by virtue of the concentration gradient established in neighbouring elements of the vessel. On the walls A and B, the concentration of the active centres is zero and the maximum concentration of the active centres will be found in the centre of the vessel. On the plane 0, the concentration gradient dnjdx will be zero.
Consider now two planes in the vessel, x and x + dx, separated by a very small distance dx, and let D denote the diffusion coefficient for the active centres through the gas mixture. Then the number of active centres which pass through the plane x in the direction of the wall will be -D(dnldx)x per unit passing through the plane x + d x in the direction of the wall will simil -D{dnjdx)x+dx. There are therefore -D(dnldx)x centres which in unit time and area enter the element dx and
The absorption of radiation will follow the normal law. Where I is the intensity per square cm. a t a point x cm. inside the reaction vessel, I0 the intensity per sq.cm, of incident radiation, and k is the extinction coefficient, then
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T hat is, the amount of light absorbed a t any particular point in the vessel is Jcl0 e~kx quanta per unit volume. I f each quantum of radiation produces c active centres, then a t any point the number of active centres produced will be k6I0 e~kx. Now considering removal solely on the walls, in the layer dx, -D(dnjdx)x centres enter and -D{dnjdx)x+dx leave, while kcl0 e~kxdx centres are generated within th layer. Thus, in the stationary state,
where the first term represents the loss of centres due to diffusion and the other the generation of active centres due to adsorption of radiation.
Let a = / 0fcc/D, then the equation beoomes
The solution of this type of equation is of the general form
where A and B have to be determined. One of the boundary conditions is = 0 at x -\d. From the symmetry of the system, is a maximum a t the centre, and since transport by diffusion would be equal in both directions, dri/dx -0. This is the other condition.
Putting dnldx = 0 a ta ; = 0 0 = B + a/k.
From equations (2) and (3), B = -ajk,
In the case of removal of active centres in the gas phase by an olefine, the number of active centres removed in unit time will be given by
where nx is the stationary concentration of active centres in the layer, (X) is the concentration of the olefine molecules and kx the velocity constant of the reaction
To simplify the notation, put g -kx(X).
The differential equation obtained for this case is
Then the equation resolves to the form
where the first term accounts for loss of centres due to diffusion, the second for loss due to gas-phase reaction and the third generation of the active centres. The solution of this equation for n will be of the following general form:
As before, the boundary conditions are 0 at = and dnjdx = 0 at = 0. Substituting these conditions in equation (4),
From these equations, A and B can be determined,
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Substituting these values for A and B in equation (4),
Ob s e r v a t io n s o n t h e f o r e g o in g c a l c u l a t io n s
First of all, it is of interest to. see the shape of the distribution curve for the stationary concentration of the active centres.
In the particular case applied in the work contained here, the reaction vessel has a top surface of silica to allow passage of radiation of wave-length 2537 A. This radiation produces mercury atoms raised from the 1S0 state to the 3P X state. Since the pressure of hydrogen in the reaction vessel is of the same order as the pressure of neon in the mercury lamp producing the 2537 A radiation, pressure broadening of the 2537 A line emitted will be counterbalanced by a similar pressure broadening of the absorption line in the reaction vessel. This means th a t substantially the whole emitted line will be absorbed. The excited atoms of mercury will then undergo collision with hydrogen molecules and produce two hydrogen atoms by the reaction Under the conditions of pressure employed, no mercury atoms can re-radiate their energy before undergoing reaction. The value of the factor c for the number of active centres produced per quantum absorbed is therefore 2. The hydrogen atoms so produced then diffuse uniformly through the reaction vessel until they are removed by either of two reactions:
(1) successful collision with a double bond in the gas phase, or (2) collision with a layer of molybdenum oxide on the bottom surface. Under these conditions, generation of active centres is exponential throughout the reaction vessel, and the shape of the distribution curve will be dealt with.
This type of generation will be discussed with reference to a reaction vessel 2 cm. deep in which over 90 % of the incident radiation is removed within the first 5 mm. of the vessel, and with reference to a reaction vessel 2 mm. deep in which the intensity is reduced to only about 50 % in the journey through the whole vessel.
The two types of conditions lead to somewhat different distribution curves.
Ca l c u l a t io n s in v o l v in g t h e 2 cm . r e a c t io n v e s s e l
For mercury vapour a t room temperature, 18° C, the vapour pressure is 1-Ox 10~3mm. The absorption coefficient of mercury for 2537 A radiation has been determined by Zemansky (Mitchell & Zemansky 1934; Zemansky 1931) , who has shown th a t for low concentrations of mercury, the absorption coefficient varies nearly linearly with the number of atoms per ml. in the following manner:
where N is the number of atoms per ml. Applying this figure in the usual formula, where x is the thickness of the layer through which the beam, incident at intensity / 0, is passing, and I is the intensity of the emergent beam, for a mercury pressure of 0*001 mm. r r , n I = / 0 e-5i0a:. k is then 5*0.
As has been pointed out, c = 2. For a typical run done with 10mm. pressure of molecular hydrogen, the value of the diffusion coefficient is of the order of D -102 cm. The thickness, w, of the reaction vessel, is 2 cm. For a gas-phase reaction removing hydrogen atoms by collision with an olefine at a pressure of 1 mm., energy of activation 4kcal. and steric factor 0*1, g is of the order of 104.
I0 is of the order of 1015 quanta/sec./sq.cm. The shape of the curve of the concentration of ' quanta ' removed at any point in the vessel is found as follows: Table 2 shows the rate of production of active centres in the reaction vessel at various points. The curve is plotted in figure 2 c. When the active centres are removed entirely by diffusion to the wall, formula (I)
where I0 is 10~15, c is 2, ki s 5*0, wi s 2 cm., of hydrogen atoms per ml. expressed as a pressure in mm. of mercury (table 3) . These results are plotted in figure 26 . In the case where removal occurs both in the gas phase and on the wall, formula
where 70 = 1015, w = 2 cm., c = 2, D = 102cm.2/sec. and 6 = 1 The value of b is about th a t encountered in the reaction being investigated here (table 4) . These results also are shown in figure 2 a. In the case of figure 2 a, since the number of centres transported in the reaction vessel in unit time through a layer is proportional to the slope of the curve of concentration plotted against distance into the reaction vessel, the stationary concentration is so reduced th a t no appreciable number of hydrogen atoms will reach the removing layer. This means th a t in a reaction vessel of this dimension there is virtually no competitive reaction and the hydrogen atoms' produced will all be removed in the gas phase. In the case of the reaction vessel 0*2 cm. thick, the position is quite different and some calculations involving this vessel will now be detailed.
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The values of the various constants are as follows:
The curve relating amount of absorption per unit volume with the depth into the reaction vessel is given in figure 3 c. The values used are those which are relevant from table 2. Removal by diffusion to the walls only requires the use of formula (I). Table 5 has been calculated from this formula. I t may be noted th at in this case, generation of active centres is proceeding throughout the whole volume of the reaction vessel. These results are plotted in figure 3 b. From this graph it is seen th at the distribution of hydrogen atoms in the gas phase does not now follow an ex ponential law. This is because the generation term is in this case important throughout the vessel, not just in the first fraction as with the 2 cm. vessel, indeed, the 2 cm. vessel case can be regarded almost as a narrow element generation. For the case of removal in the gas phase as well as on the walls, formula (II) gives table 6. The graph of these results is shown in figure 3 a. It will be seen that there is a finite slope at the wall of the reaction vessel which is responsible for the removal of hydrogen atoms. In this case, there is competition for the removal of hydrogen atoms between the gas-phase removing agent and the molybdenum oxide coated wall. 
A p p l ic a t io n o f t h e p r e c e d in g d i f f u s i o n c a l c u l a t io n s to t h e m e a s u r e m e n t OF THE COLLISION EFFICIENCIES OF EFFICIENT GAS-PHASE REACTIONS
Since the most im portant case a t the moment is th a t of the exponential production of active centres, it will be used throughout to illustrate the method of approach, although the same methods can be adopted for the cases of thin-layer generation and uniform generation.
The expression has already been formulated which gives the number of active centres present in unit volume of a particular element located a t an average distance x from the plane of generation. I t was
where w is the thickness of the reaction vessel. Now, by definition, the diffusion coefficient D is given by
where N ' is the actual number of active centres which pass through the plane x in unit time, ( dnldx)x is the concentration gradient a t the point distance x from t plane of generation.
Differentiating the above expression for n and multiplying by D,
Consider the case of a reaction vessel where the top surface is the plane of entrance of the beam of light which generates the active centres and the lower is a plane where there is removal of every colliding centre.
If x in the equation just derived for N ' is put equal to then, Nt' u will be the number of active centres colliding with the absorbing layer and being removed. Further, in the equation, the terms I0c can be eliminated as follows. The total amount of light which passes through the reaction vessel without being absorbed is I = I0e~kw, so th at the total amount of light absorbed by the mercury vapour in the reaction vessel will be 4 = / o ( l -e -* "0.
The total number of active centres produced will then be c/0 ( 1 -e~kw) . If the ratio of the number of active centres which reach the removing layer, to the total number produced be B, then R = X I I 0c( l -e -fcM 0.
Then substituting for J\Q/0c from the formula above,
In this equation, R is the observable quantity and b, the factor which is required. The only method of dealing with this equation is to set the initial conditions, i.e. pressure of mercury vapour, depth of vessel, etc., and then to plot values of R against chosen values of b.It is helpful if the approximate value of the diffusion coeffici and the collision efficiency are known. This enables a rough value to be calculated for b and the conditions chosen accordingly.
By suitable choice of conditions, a curve can be obtained to cover values of b over a factor of 10 and a change of R from say 0-25 to 0-75.
The following tables were prepared in this way. In table 7 is given the value of R for various values of b and for various vessel depths w. These values are plotted in figure 4 , and it will be readily seen that the range of values of b which can be dealt with can be altered by changing the depth of the vessel. 
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I t was considered th a t the value of R might be ex since the value of the mercury vapour pressure would change. To determine the extent of this effect, the following calculations were made.
For a change of temperature from 18 to 14° C, the mercury vapour pressure changes from 0*0010 to 0*0007 mm. and the corresponding change in is from 5*0 to 3*5. The values of R were calculated for a plate separation of 0*25 mm. and for various values of b, using the new value for k. In table 8 the values of R for k = 3*5 and k = 5*0 are given. From this table, the close agreement in the values of R show th a t compensating factors render any close temperature control unnecessary. 
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